The attachment of dissimilar materials is a grand challenge because of the high levels of localized stress that develops at such an interface. 1 An effective biological solution to this problem can be found in the attachment of tendon (a compliant, structural "soft tissue") to bone (a stiff, structural "hard tissue"). 2 The natural tendon-to-bone attachment relies on a gradient in structure and composition that translates into a spatial variation of mechanical stiffness. 2 Recent evidence supports the idea that this unusual spatial variation eliminates high levels of stress at the interface, providing effective transfer of mechanical load from tendon to bone. However, this unique transitional tissue between uninjured tendon and bone is not recreated during tendon-to-bone healing. 4 Surgical reattachment of these two dissimilar biological materials therefore often fails. For example, failure rates for rotator cuff repair (which requires tendon-to-bone healing) have been reported to be as high as 94%. 5 To address this clinical problem, it is critical to develop a new scaffold with a controllable gradation in mineral content along the surface. The gradation in mineral content can result in a spatial variation in the stiffness of the scaffold and thus be potentially used for repairing the tendon-to-bone insertion site via a tissue engineering approach.
Nanofibers can be routinely prepared as nonwoven mats by electrospinning from a wide variety of biocompatible and biodegradable polymers (both natural and synthetic), as well as composites containing inorganic materials. 6 Owing to the small feature size, a nonwoven mat derived from electrospun nanofibers typically exhibits a high porosity and large surface area and can thus mimic the hierarchical structure of extracellular matrix (ECM) critical to cell attachment and nutrient transport. 7 The fibers can also be conveniently functionalized by encapsulation or attachment of bioactive species such as ECM proteins, enzymes, nucleic acids, and growth factors to control the differentiation and proliferation of seeded cells. 7 Additionally, the nanofibers can be readily assembled into a range of arrays or hierarchically structured films by manipulating their alignment, stacking, and/or folding. 8 All these attributes make electrospun nanofibers well-suited as scaffolds for tissue engineering. In principle, the nanofiber-based scaffolds can be engineered with specific structural order, surface chemistry, degradation profile, biomechanical properties, and bioactivity for manipulating the attachment, proliferation, and differentiation of seeded cells and thus serve as a new framework for repairing or replacing the damaged tissue. 9 Since the ECM of native bone is mainly composed of hydroxyapatite (HAp) dispersed in a framework of fibrous * To whom correspondence should be addressed. E-mails: (Y.X.) xia@biomed.wustl.edu (for scaffold fabrication and cell culture study); (S.T.) ThomopoulosS@wudosis.wustl.edu (for mechanical property characterization).
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collagens, incorporation of calcium phosphate into electrospun nanofibers provides an effective route to the fabrication of scaffolds for bone tissue engineering. To this end, biomineralization, deposition of calcium phosphate from a simulated body fluid, is often used to generate the desired mineral coating on a nonwoven mat. 10 While this approach works well for bone, it will likely be ineffective at the interface between bone and soft tissues (e.g., bone-tendon, bone-cartilage, and bone-ligament), where gradients in structure (alignment of collagen fibers) and composition (mineral content) are required.
3 Such gradients are critical for the elimination of localized stress inherent in the attachment of dissimilar materials. 1 Two recent studies have started to address this issue. In the first study, Kalyon et al. developed a hybrid twin-screw extrusion/electrospinning technique for fabricating nonwoven mats of poly(ε-caprolactone) (PCL) fibers with a gradient of calcium phosphate formed between the top and bottom surfaces of the mat.
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In the second study, Phillips et al. demonstrated that zonal organization of osteoblastic and fibroblastic cellular phenotypes can be engineered by seeding fibroblasts onto scaffolds containing a spatial distribution of retrovirus encoding the osteogenic transcription factor Runx2/Cbfa1. 12 The gradient of immobilized retrovirus was, in turn, achieved by controlling the densities of deposited poly(L-lysine). Such a gradient resulted in spatial patterns of transcription factor expression, osteoblastic differentiation, and mineralized matrix deposition. Here, we demonstrate a simple and versatile method that can be used to directly derivatize the surface of electrospun nanofibers with a gradient in calcium phosphate content. Further, we demonstrate that this gradient in mineral composition has functional consequences, leading to a spatial gradient in the stiffness of the scaffold and the activity of seeded cells. Figure 1 shows a schematic of our approach for generating a graded coating of calcium phosphate on a nonwoven mat of electrospun nanofibers. Since the amount of mineral deposited from a solution is directly proportional to the immersion time, we can generate a gradient along the long axis of the substrate by varying the immersion time. In practice, this can be achieved by adding the mineral solution at a constant rate into a glass vial, which contains the substrate in a titled orientation. The concentration of the mineral solution, the titling angle of the substrate, and the feeding rate collectively determine the gradient profile. In the present study, we focused on two biocompatible and biodegradable polymers: poly(lactic-co-glycolic acid) (PLGA) and PCL. To improve the hydrophilicity of these two polymers and activate the surface for calcium phosphate deposition, we modified their surface by plasma treatment and/or gelatin coating. 13 For the mineral solution, we used 10 times concentrated simulated body fluid (10SBF), which contained concentrations of calcium and phosphate ions ten times higher than those found in human plasma or simulated body fluid (SBF). Inclusion of NaHCO 3 in the stock solution induced rapid deposition of calcium phosphate, enabling the formation of significant coating within a period of 2-6 h. 14 Our previous study revealed that incubation in 10SBF for 2 h could generate a relatively thick layer of calcium phosphate on a gelatin-coated electrospun PCL mats. 13 A similar phenomenon was also observed by Yang et al. for plasma-treated, electrospun PCL mats after immersion in 10SBF for 2 h. 15 The enhanced deposition of calcium phosphate in 10SBF makes our method feasible for generating a mineral gradient within a relatively short period of time. The variation in immersion time along the long axis of the substrate resulted in the formation of a continuous gradient in mineral content. Figure 2 shows scanning electron microscopy (SEM) images taken from a plasma-treated PLGA sample at different locations along its long axis. Differences in morphology between these regions were apparent. At the bottom (d ) 0), the fibers were covered by a thick layer of calcium phosphate (Figure 2a) . Away from the bottom edge, the coating of calcium phosphate gradually became thinner. At d ≈ 6 mm and d ≈ 9 mm from the bottom, we observed the typical porous structure of a nonwoven mat (Figure 2b ) and a nanotextured, flakelike mineral coating (Figure 2c ), respectively. At the top end of the sample (d ≈ 11 mm), there was essentially no mineral coating on the nanofibers (Figure 2d) . To demonstrate the versatility of this approach, we have also applied it to nonwoven mats of gelatin-coated PCL nanofibers and essentially identical results were obtained (see Supporting Information, Figure S1 ).
In our previous study, we determined the crystal structure of the mineral phase deposited on the gelatincoated PCL fibers by X-ray diffraction (XRD), and it was found that the mineral phase consisted of a mixture of HAp and dicalcium phosphate dehydrate (DCPD). 13 HAp has a composition close to that of mineral in bone and possesses excellent biocompatibility and bioactivity; DCPD, a possible precursor to HAp, is a potential raw material for bone substitute. 15 Clinically, many types of calcium phosphate have been employed in orthopedic surgery. For example, Mutsuzaki et al. prepared calcium phosphatehybridized tendon by alternately soaking tendon in a Ca 2+ - containing solution and a PO 4 3--containing solution. 16 They found that the calcium phosphate-incorporated tendon could enhance the healing process of anterior cruciate ligament (ACL) grafts at the tendon-to-bone interface and generated a direct insertion similar to the conventional ACL insertion within three weeks after implantation. In the present work, the mineral solution produced a calcium phosphate and polymer hybrid on the nonwoven mat of electrospun nanofibers with a continuous gradation in calcium phosphate content. The functionally graded constructs, especially with regard to mineral composition and mechanical property distributions, may significantly enhance tendon-to-bone healing.
To quantify the content of mineral in the graded calcium phosphate zone, we analyzed the atomic ratio of Ca/C at different locations using energy dispersive X-ray spectroscopy (EDX). Figure 3 shows the Ca/(Ca + C) ratio as a function of distance from the bottom edge of the scaffold for both the PLGA and PCL samples. As expected, the Ca/ (Ca + C) ratios at different locations along the long axis of the substrate decreased linearly from 37.8 to 0.7% and from 33.9 to 0.8%, respectively, for the plasma-treated PLGA and gelatin-coated PCL fibers. We observed a linear correlation for both cases. We note that the distribution profile of the mineral content or gradient slope can be tailored to fit a specific application by controlling the feeding rate of mineral solution, the titling angle of the substrates, and/or the concentration of the mineral solution. We also found that presoaking the scaffold in 10SBF prior to the coating process could promote homogeneous nucleation and thus lead to the formation of a more significantly graded sample. Taken together, these results suggest that the current approach offers a simple and versatile method for generating gradations in mineral content on nanofiber scaffolds. Figure 4 demonstrates that the gradient in mineral content had a functional consequence with regard to the mechanical properties of the scaffold. Under uniaxial tensile deformation, the local strain varied considerably along the long axis of the PLGA scaffold. Strain in the loading direction was lower at the mineralized end of the scaffold than the unmineralized end. Likewise, Young's modulus along the scaffolds increased with increasing levels of mineral, suggesting that the mineral coatings on the PLGA nanofibers observed by SEM had a stiffening effect on the nanofibers. Specifically, an increase of calcium content by 23% led to an approximately 2-fold increase in Young's modulus. This observed change in modulus due to changes in mineral content demonstrates the implementation of a "functional graded" material design, that is, designing a gradual variation in composition and structure over a distance to produce a change in the mechanical properties of the material. 17 This functionally graded material alleviates stress concentrations that would otherwise arise between two dissimilar materials (e.g., mineralized and unmineralized tissues).
Cell adhesion and migration assays can be used as simple and direct measures of biological function on gradated scaffolds. Cells in developing organs and tissues have the ability to detect and respond to various types of gradients by directed migration, a process called chemotaxis. 18 Previous studies indicated that graded patterns of biologic molecules were the driving force for migrating cells. 19 These gradients have been implicated in cell attachment. 20 Protein gradients may also play an important role in wound healing and for engineering blood vessels or nerves. Surfaces that were covalently modified with gradients of epidermal growth factor could induce directional cell migration and promote accelerated dermal wound healing. 21 Gradients of secreted signaling proteins could guide the growth of blood vessels during both normal and pathological angiogenesis. 22 Gradients of attractive and repulsive cues also play important roles during the development of complex neural network. 23 In the present work, we seeded mouse preosteoblast cells (MC3T3) onto a gelatin-coated PCL scaffold covered by a graded coating of calcium phosphate. MC3T3 cells have been extensively used to investigate adhesion, bone matrix formation, and the expression of bone related proteins. 24 It has been demonstrated that the addition of HA could enhance the attachment, spreading, and proliferation of MC3T3 cells.
25 Figure 5 shows a set of images taken at different locations along the long axis of the scaffold after three days of culture with MC3T3 cells. We note that the MC3T3 cells exhibited different adhesion behaviors and morphologies at different sites along the gradated scaffold. The region with the highest calcium phosphate content near the bottom edge of the substrate showed the highest level of cell density. Cells attached and spread very well. The regions with lower calcium phosphate content had significantly fewer adhered cells. Few cells were observed on the unmineralized end of the scaffold. We counted the cells at different regions. It is apparent that the cell density gradually decreased with decreasing mineral content. These results showed that MC3T3 cells preferentially adhered to and/or proliferated in regions with higher calcium phosphate content along the gradated scaffold.
In summary, we have demonstrated a simple and versatile method that can be used to directly derivatize the surface of electrospun nanofibers with a gradient in calcium phosphate content. We further demonstrated that this gradient in mineral composition has functional consequences, leading to a spatial gradient in the stiffness of the scaffold and the activity of seeded cells. The approach demonstrated here might offer engineered scaffolds that can closely match the tendon-tobone insertion site. In future studies, we will seek to combine these engineered scaffolds with mesenchymal stem cells to enhance tendon-to-bone healing in a rat rotator cuff injury and repair model. 
